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Available online 14 October 2011The extraembryonic endoderm of mammals is essential for nutritive support of the fetus and patterning of
the early embryo. Visceral and parietal endoderm are major subtypes of this lineage with the former exhibit-
ing most, if not all, of the embryonic patterning properties. Extraembryonic endoderm (XEN) cell lines de-
rived from the primitive endoderm of mouse blastocysts represent a cell culture model of this lineage, but
are biased towards parietal endoderm in culture and in chimeras. In an effort to promote XEN cells to
adopt visceral endoderm character we have mimicked different aspects of the in vivo environment. We
found that BMP signaling promoted a mesenchymal-to-epithelial transition of XEN cells with up-regulation
of E-cadherin and down-regulation of vimentin. Gene expression analysis showed the differentiated XEN
cells most resembled extraembryonic visceral endoderm (exVE), a subtype of VE covering the extraembryon-
ic ectoderm in the early embryo, and during gastrulation it combines with extraembryonic mesoderm to form
the deﬁnitive yolk sac. We found that laminin, a major component of the extracellular matrix in the early em-
bryo, synergised with BMP to promote highly efﬁcient conversion of XEN cells to exVE. Inhibition of BMP sig-
naling with the chemical inhibitor, Dorsomorphin, prevented this conversion suggesting that Smad1/5/
8 activity is critical for exVE induction of XEN cells. Finally, we show that applying our new culture conditions
to freshly isolated parietal endoderm (PE) from Reichert's membrane promoted VE differentiation showing
that the PE is developmentally plastic and can be reprogrammed to a VE state in response to BMP. Generation
of visceral endoderm from XEN cells uncovers the true potential of these blastocyst-derived cells and is a sig-
niﬁcant step towards modelling early developmental events ex vivo.
© 2011 Elsevier Inc. All rights reserved.Introduction
During early development the nutritive requirements of the
mouse epiblast are met by the visceral and parietal yolk sacs prior
to formation of the chorioallantoic placenta. The visceral endoderm
(VE) and its sister lineage, the parietal endoderm (PE), are the
major subtypes of extraembryonic endoderm (ExEn). Both are deriv-
atives of the primitive endoderm, which is distinguishable as an epi-
thelial layer of cells on the surface of the inner cell mass (ICM) at
embryonic day 4.5 (E4.5). PE cells migrate along the inner surface of
the trophectoderm and together with trophoblast giant cells secrete
basement membrane proteins to form Reichert's membrane (Hogan
et al., 1980). This develops into a transient parietal yolk sac which
provides support for the early developing embryo, but is degraded
after the chorioallantoic placenta is established (Dickson, 1979).rights reserved.By E5.5 the VE surrounds the egg cylinder and the trophoblast-
derived extraembryonic ectoderm (ExE) and functions as a barrier
between the maternal environment and embryo. VE acts as a gas, nu-
trient and waste exchange system that is later assisted by the chorio-
allantoic placenta (Bielinska et al., 1999; Cross et al., 1994; Jollie,
1990). Epiblast cells and primitive endoderm are separated by a base-
ment membrane of which laminin is a major component (Gersdorff et
al., 2005). The VE expresses proteins that are later found in deﬁnitive
endoderm and in some adult endodermal tissues, particularly the
liver. For example, Hnf4α that is found in the VE, is also expressed
in hepatocytes, intestinal epithelium and kidney tubules (Duncan et
al., 1994). VE also secretes proteins that are also produced by hepato-
cytes such as: albumin, transferrin, α-fetoprotein, and apolipopro-
teins (Dziadek and Adamson, 1978; Meehan et al., 1984; Shi and
Heath, 1984). These overlapping expression patterns often make it
difﬁcult to distinguish extraembryonic from deﬁnitive endoderm in
cultured cell lines. However, gene expression proﬁling have sug-
gested several candidates that are unique to each of these lineages
(Sherwood et al., 2007).
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blast, VE is a key player in early embryo patterning. The VE overlying
the epiblast differs from that in contact with the ExE. The different
signaling environments give rise to embryonic VE (emVE) and extra-
embryonic VE (exVE), respectively (Mesnard et al., 2006). The distal
emVE, and later anterior visceral endoderm (AVE), are critical for
establishing the anterior-posterior axis of the embryo, and promoting
anterior neural induction (Perea-Gomez et al., 2001; Yamamoto et al.,
2004; Yang and Klingensmith, 2006). The AVE imparts patterning in-
formation onto the epiblast by producing agonists and antagonists of
the TGF-β superfamily and activators and modulators of FGF andWnt
signalling (Brennan et al., 2001; Perea-Gomez et al., 2001; Takaoka et
al., 2006; Yamamoto et al., 2004). Later in development most of the VE
is displaced proximally by deﬁnitive endoderm cells and its ﬁnal fate is
to form the deﬁnitive yolk sac in combination with extraembryonic
mesoderm (Cross et al., 1994; Lawson and Pedersen, 1987; Lawson
et al., 1986). Inductive interactions between VE and extraembryonic
mesoderm in the yolk sac are also critical for primitive blood island
formation (Byrd et al., 2002). However, some emVE cells remain asso-
ciated with the epiblast and contribute to the early gut tube (Kwon
and Hadjantonakis, 2009; Kwon et al., 2008; Viotti et al., 2011).
Grb2, an adaptor protein for receptor tyrosine kinases, is critical
for establishing the primitive endoderm as Grb2−/− embryos fail to
form this lineage (Chazaud et al., 2006). Inhibitor studies have also
supported the model that FGF signaling via Grb2 is a critical pathway
to segregate the primitive endoderm from epiblast (Nichols et al.,
2009; Yamanaka et al., 2010). Furthermore, PDGF signaling is critical
for the early expansion of the primitive endoderm and for establish-
ment of XEN cells (Artus et al., 2010). Members of the TGF-β signaling
family also play a role in the differentiation of primitive endoderm.
For example, BMPs are required for differentiation of the visceral en-
doderm (Coucouvanis and Martin, 1999). Moreover, Bmpr1a−/− em-
bryos have thinner and slightly disorganised VE (Mishina et al.,
1995), and a lack of Smad4 results in poorly differentiated primitive
endoderm and a severely disorganised VE (Sirard et al., 1998).
Smad2, Nodal and signals from ExE were shown to be necessary for
proper speciﬁcation of anterior visceral endoderm (AVE) (Brennan
et al., 2001; Mesnard et al., 2006; Rodriguez et al., 2005; Waldrip et
al., 1998). In contrast, PTHrP signaling via cAMP is a potent inducer
of PE differentiation of primitive endoderm cells and this pathway
has been suggested as the main mechanism by which PE is formed
(Behrendtsen et al., 1995). PTHrP is produced by trophoblast giant
cells (Verheijen et al., 1999b), which have been previously implicated
in PE differentiation (Hogan and Tilly, 1981). PTHrP induces expres-
sion of Snail and subsequent delamination of VE cells from the surface
of extraembryonic ectoderm (Veltmaat et al., 2000). The differentia-
tion of the primitive endoderm into PE involves an epithelial-to-
mesenchymal transition, which is the ﬁrst that occurs during embryo
development. The PE cells then exhibit minimal cell-to-cell contact
and are dispersed over the inner surface of the trophoblast giant
cell layer and express the mesenchymal markers, Snail and Vimentin
(Carver et al., 2001; Lane et al., 1983; Nieto et al., 1992; Smith et al.,
1992). In contrast, the VE cells, once they differentiate from the prim-
itive endoderm, form an epithelial sheet over the epiblast (emVE) and
extraembryonic ectoderm (exVE) and express E-cadherin (Kadokawa
et al., 1989).
Extraembryonic endoderm (XEN) cell lines were derived from the
primitive endoderm of blastocysts (Kunath et al., 2005). XEN cells,
embryonic stem (ES) cells (Evans and Kaufman, 1981; Martin,
1981) and trophoblast stem cells (Tanaka et al., 1998) are models
for different early embryonic lineages with each cell type having dis-
tinct properties and non-overlapping chimera contribution. Prior to
the derivation of XEN cells, F9 embryonal carcinoma cells were used
as a model to study PE and VE differentiation (Futaki et al., 2004;
Harris and Childs, 2002; Verheijen et al., 1999b; Verheijen et al.,
1999c). XEN cells share many characteristics with PE, but little withVE. Their chimera contribution is strongly biased towards the PE,
with VE contributions being extremely rare (Kunath et al., 2005). Pre-
viously derived extraembryonic endoderm cell lines were also biased
towards PE character (Fowler et al., 1990; Notarianni and Flechon,
2001). XEN cells can also be obtained from ES cells by overexpression
of Gata4 or Gata6 transcription factors. The resulting cell lines resem-
ble embryo-derived XEN cells with respect to morphology, gene
expression proﬁle and chimera contribution (Fujikura et al., 2002;
Shimosato et al., 2007).
Herewe have examined the developmental potential of XEN cells by
recreating the in vivo microenvironment of the VE. We found that
BMP4, produced by the ICMand later by the ExE, strongly promoted vis-
ceral endodermdifferentiation of XEN cells in culture, particularly of the
exVE subtype. This effect was further enhanced in the presence of the
extracellular matrix component laminin. Moreover, these conditions
could be used to induce VE differentiation of PE isolated from post-
implantation embryos, demonstrating that PE is not a terminally-
differentiated cell type and that it can be reprogrammed to a VE state.
Materials and methods
XEN cell lines and culture conditions
XEN1.3, IM8A1 and IM8A1-GFP XEN cell lines were described pre-
viously (Kunath et al., 2005). All XEN cell lines were cultured at 37 °C
in a humidiﬁed atmosphere of 95% air and 5% CO2 and were main-
tained in GMEM (Sigma, G5154) supplemented with 10% fetal bovine
serum (FBS, Invitrogen), 100 μM 2-mercaptoethanol (BDH, 441413),
1xMEM non-essential amino acids (Invitrogen, 1140-036), 2 mM
L-glutamine, 1 mM sodium pyruvate (both from Invitrogen). Cells
were routinely passaged using trypsin and split every 2 or 3 days
at 1:10–1:20 ratio. For routine culture, gelatin-coated plates were pre-
pared by coating with 0.1% porcine gelatin (Sigma, G1890) for 5 min
at room temperature. For clonal analysis, BMP4 and inhibitor treatment
the plates were coated overnight at room temperature. Laminin-coated
plates were prepared by coating with poly-L-ornithine (10 μg/cm2,
Sigma P4957) for 30 min at room temperature, followed by laminin
coating (0.15 μg/cm2, Sigma L2020) overnight at room temperature.
Fibronectin-coated plateswere prepared by incubatingwithﬁbronectin
solution (0.15 μg/cm2, Invitrogen 33010-018) overnight at room
temperature.
Clonal density analysis
Clonal analysis was performed by plating XEN cells at 50 or 100
cells/cm2 on gelatin or laminin. After 4 days cells were ﬁxed and incu-
bated with anti-E-cadherin antibody and colonies were scored
according to the proportion of E-cadherin positive cells within the
colony. For each cell line, results represent an average from 6 wells
(triplicate for each of the two clonal densities) and the error bar rep-
resents standard deviation of 6 replicates. For serum-free clonal anal-
ysis, XEN cells were plated at 100 cells/cm2 in N2B27 in the presence
or absence of BMP4 or activin and the results represent an average of
3 wells. P-values were calculated using Pearson's chi-squared test.
BMP4 and inhibitor treatment
XEN cells were plated at low density (~103cells/cm2) either on
gelatin or laminin in N2B27 (Stem Cell Sciences, SCS-SF-NB-02)+
1% FBS overnight. The media was then changed to either N2B27 with-
out serum or N2B27 supplemented with 10 ng/ml or 50 ng/ml of
BMP4 (Peprotech, 120–05). Dorsomorphin (DM) (Sigma, P5499)
was used at the ﬁnal concentration of 2 μM and PD0325901 (PD03)
(Division of Signal Transduction Therapy, University of Dundee) at
1 μM in GMEM+10% FBS. For immediate-early gene induction exper-
iments, XEN cells were cultured in N2B27 alone for 6 h, then pre-
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a 45 min stimulation with BMP4 (10 ng/ml) or medium containing
10% fetal bovine serum. Total RNA was then extracted for qRT-PCR
analysis.
Flow cytometry
XEN cells were dissociated with trypsin, washed with PBS+2%
FBS, incubated with anti-E-cadherin antibody at 1:400 (ECCD2,
Invitrogen, 13-1900) and labelled with a secondary antibody (anti-rat
IgG-APC, Jackson Immunoresearch, 712-136-153) before analysis on a
Beckman Coulter CyAn ﬂow cytometer.
Immunoﬂuorescence
Cells were ﬁxed in 4% paraformaldehyde (room temperature,
8–10 min), washed three times with PBS, then incubated for 30 min
at room temperature in blocking buffer (PBS, 2% donkey serum, 0.1%
Triton X-100). Primary antibodies were diluted in blocking buffer
and applied overnight at 4 °C, followed by three washes in PBS.
Donkey secondary antibodies conjugated to AlexaFluor dyes (Molecular
Probes) were diluted at 1:1000 in blocking buffer and applied for
1–1.5 h at room temperature. The cells were then washed twice in
PBS and a third time in PBS containing DAPI (10 μg/ml) prior to imaging
using an Olympus IX51 inverted ﬂuorescence microscope. Primary
antibodies used were rat anti-E-cadherin at 1:300 (ECCD2, Invitrogen,
13-1900), AlexaFluor 555 mouse anti-GATA4 at 1:100 (L96-56, BD UK
Ltd., 560336), anti-PDGFRα at 1:50 (Santa Cruz, sc-338), and anti-
vimentin at 1:50 (DSHB, 40E-C).
Microarray analysis
IM8A1 XEN cells were treated with BMP2 (20 ng/ml, R&D Systems)
or untreated for 6 days in GMEM supplemented with 10% FBS. Treat-
ments were performed in duplicate for a total of four samples. Total
RNA was isolated using QIAGEN RNeasy Mini kit following manufac-
turer's instructions, and submitted to the Centre for Applied Genomics
(The Hospital for Sick Children) for gene expression proﬁling with
Affymetrix Mouse Genome 430 2.0 arrays. The complete dataset is
available on Gene Expression Omnibus with accession number
GSE32199. Data were processed with GeneSpring and genes speciﬁc
to extraembryonic and deﬁnitive endoderm were analysed.
Quantitative reverse transcriptase (qRT)-PCR
Total RNAwas isolated using TRIzol and cDNAwas made from 2 μg
of total RNA using SuperScript III RT (Invitrogen) and priming with
random hexamers. Real-time PCR was performed with the Light-
Cycler 480 using the Universal Probe Library System (Roche). Primer
sequences and UPL probes are listed in Table S1. qRT-PCR results were
normalised to TBP expression and represent an average of biological
duplicates, error bars represent standard deviation between biologi-
cal duplicates.
Maintenance of mouse stocks, embryo dissections and explant culture
MF1 and 129 mice were maintained on a 14-h light, 10-h dark
cycle. Noon on the day of ﬁnding a vaginal plug was designated as
E0.5. Embryos were obtained at E6.5, E7.5 and E8.5 and dissected
from their decidua in PB1 medium and a cut was made with a
mounted needle at the boundary between the extra-embryonic ecto-
derm and the epiblast. Reichert's membrane from E6.5, E7.5 and E8.5
embryos was then reﬂected with forceps or mounted needles. Dis-
sected pieces of Reichert's membrane were incubated at room tem-
perature for 10–15 min with Accutase (Sigma, A6964) before
plating on γ-irradiated mouse embryonic ﬁbroblasts (MEFs). Toobtain visceral endoderm, Reichert's membrane and ecto-placental
cone were removed from E6.5 embryos. Visceral endoderm was isolat-
ed with a pulled glass pipette after trypsin/pancreatin treatment of the
remaining conceptus. Primitive endodermwas dissected fromdiapause
embryos as described (Batlle-Morera et al., 2008). VE and primitive
endoderm explants were cultured on a layer of γ-irradiated MEFs for
5 days and then immunostained. E7.5 and E8.5 PE cells from Reichert's
membranewere cultured on gelatin or laminin in 70%MEF-CM (Tanaka
et al., 1998) for 5 days to determine that only PE and trophoblast giant
cells were present in the culture. Media was then changed either to
N2B27, N2B27+BMP4 (50 ng/ml) or maintained in 70% MEF-CM for
another 5 days before cells were ﬁxed and immunostained.
Results
Laminin promotes epithelial formation of XEN cells, and up-regulation of
visceral endoderm markers
XEN cells are strikingly similar to parietal endoderm cells when
cultured at subconﬂuent densities. They are motile, rarely form epi-
thelial sheets, and highly express parietal endodermmarkers (Kunath
et al., 2005). However, at high densities some cells form an epitheli-
um and up-regulate E-cadherin at cell-to-cell junctions (Fig. S1), a
characteristic of the VE (Kadokawa et al., 1989). This observation
led us to hypothesise that XEN cells may be depositing extracellular
matrix (ECM) components that promote epithelial formation. Indeed
XEN cells are known to express very high levels of laminin alpha 1
and beta 1 and other ECM components (Kunath et al., 2005). Conse-
quently we compared the morphology of XEN cells cultured on gela-
tin, laminin, and ﬁbronectin (Fig. 1A). XEN cells on laminin readily
formed epithelial sheets, even at low cell density, and exhibited in-
creased E-cadherin expression at cell junctions. However, XEN cells
cultured on ﬁbronectin remained refractile and parietal endoderm-
like, and did not form E-cadherin-positive epithelial colonies
(Fig. 1A, B). XEN cell-derived epithelial cells, whether on gelatin or
laminin, continued to express the extraembryonic endodermmarkers
Gata4 and PDGFRα (Fig. 2A–D), albeit the levels of PDGFRα were
lower in the E-cadherin-positive cells when compared to neighbour-
ing E-cadherin-negative cells (Fig. 2D).
Next we analysed E-cadherin expression by ﬂow cytometry to
quantify the differences between laminin and gelatin. The number of
E-cadherin-positive cells more than doubled (from 15% to 39%) when
cells were grown on laminin compared to gelatin (Fig. 2E). Gene ex-
pression analysis also supported the observation that XEN cells were in-
duced to bemore visceral in characterwhen grown on laminin (Fig. 2F).
Cells cultured on laminin down-regulated the PE markers Snail and
Thrombomodulin (Thbd), while the pan-endodermal marker Gata4
remained unchanged, and Gata6 was slightly down-regulated. Hex, a
primitive endoderm and AVE marker, was up-regulated as well as the
exVE marker Ihh, and the VE marker Afp (Fig. 2F).
BMP4 and laminin synergise to induce visceral endoderm differentiation
of XEN cells
To further examine the heterogeneous nature of E-cadherin ex-
pression in XEN cells we established a clonal assay. Cells were plated
at clonal density and three types of colonies were scored: E-cadherin-
low colonies, mixed colonies containing both E-cadherin-positive and
negative cells, and uniformly E-cadherin-high colonies (Fig. 3A–C).
We compared the ratio of these three different types of XEN cell col-
onies plated either on gelatin or laminin. On gelatin 85% of IM8A1
XEN colonies were E-cadherin-low, 12% mixed and 3% E-cadherin-
high (Fig. 3D). On laminin less than half of the colonies (46%) were
E-cadherin-low, 39% mixed and 15% E-cadherin-high showing that
laminin promotes epithelialisation even at clonal density.
Fig. 1. Laminin induces epithelialisation of XEN cells. (A) The morphology of XEN cells plated on gelatin, laminin or ﬁbronectin for 2 days. (B) A different ﬁeld of XEN cells cultured
on gelatin, laminin or ﬁbronectin immunostained for E-cadherin. Scale bars: 100 μm.
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on laminin prompted us to investigate the contribution of BMP signal-
ing, since BMP4 is strongly expressed in the ExE and expected to signal
to the adjacent exVE. Since FBS often contains some BMP activity, ex-
periments were conducted in serum-free N2B27 medium. When XEN
cells were cultured in these conditions, the VE-promoting activity of
laminin was not observed at clonal density. However, addition of
BMP4 to XEN cells cultured on laminin produced close to 80% E-
cadherin-high colonies, while BMP4 added to XEN cells cultured on
gelatin resulted in less than 40% E-cadherin-high colonies (Fig. 3E).Fig. 2. Laminin promotes VE differentiation of XEN cells. (A–B) Immunostaining of Gata4 and
nostaining of PDGFRα and E-cadherin of XEN cells cultured on gelatin (C) or laminin (D) o
cultured for 4 days on gelatin or laminin (G1control=0.6%, G1gelatin=15%, G1laminin=39%) (The BMP4-treated XEN cells cultured on laminin were uniformly E-
cadherin-positive, and untreated cells were mostly negative for E-
cadherin and expressed high levels of the mesenchymal marker
vimentin (Fig. 3F). Similar to BMP4, BMP2 also exhibited a potent abil-
ity to promote VE differentiation of XEN cells (data not shown). Since
activin/nodal signaling is active and critical during early embryogene-
sis (Brennan et al., 2001), we also investigated activin stimulation of
XEN cells cultured on laminin. Unlike BMP4, activin treatment did
not promote uniform XEN cell differentiation, with less than 40% of
colonies expressing high levels of E-cadherin (Fig. S2).E-cadherin of XEN cells cultured on gelatin (A) or laminin (B) for 4 days. (C–D) Immu-
n day 4; Scale bar: 200 μm. (E) Flow cytometry for E-cadherin expression of XEN cells
F) qRT-PCR analysis of XEN cells after 4 days on gelatin or laminin.
Fig. 3. Laminin and BMP increases the number of E-cadherin-high XEN cell colonies at clonal density. (A–C) Examples of XEN cell colonies expressing different levels of E-cadherin:
low (A), mixed (B) and high (C); Scale bar: 100 μm. (D) Quantiﬁcation of different types of E-cadherin-immunostained colonies in the XEN cells cultured on gelatin or laminin for
4 days in GMEM+10% FBS (ngel=195, nlam=178). (E) Quantiﬁcation of XEN cell colonies in N2B27 (serum-free) conditions in the presence or absence of BMP4 (50 ng/ml) on
gelatin (nN2B27=81, nN2B27+BMP4=86), or on laminin (nN2B27=72, nN2B27+BMP4=111). (F) Representative E-cadherin/vimentin co-immunostaining of control and BMP4-
treated XEN cell colonies.
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and not embryonic or anterior VE
To further investigate the VE-promoting effects of BMP signaling
we performed gene expression proﬁling of XEN cells treated with
BMP2 for 6 days. Expression values of known extraembryonic and de-
ﬁnitive endoderm genes were examined to determine which sub-
types of VE were promoted by BMP treatment. Table 1 shows the
expression intensity and the fold-change of known genes averaged
from two experiments. Generic VE markers, such as Apoe, Apoa1,Ttr, Igf2, Amn, Krt8, Krt18, and Krt19 were all signiﬁcantly up-
regulated (Table 1) (Basheeruddin et al., 1987; DeChiara et al.,
1991; Hashido et al., 1991; Ichinose et al., 1989; Kalantry et al.,
2001; Meehan et al., 1984; Mesnard et al., 2006; Oshima, 1981). The
expression of Gata4 was unchanged, whereas Gata6 was signiﬁcantly
down-regulated, which may reﬂect its later expression in PE. Up-
regulation of markers associated with exVE was also apparent
(Table 1). AFP exhibited the highest up-regulation from multiple pro-
besets, and exVE markers such as Hnf4a, Cited1, Rhox5 (Pem), and Ihh
were all increased by BMP treatment (Table 1) (Dunwoodie et al.,
Table 1
Gene expression changes of known extraembryonic and deﬁnitive endoderm genes in XEN cells treated with BMP. Raw intensity values for each gene are presented to provide in-
formation on level of expression. The fold-change (FC) is the average of two control and two BMP4-treated samples, and FCs greater than 1.5-fold are in bold. The genes are grouped
into several broad subgroups of extraembryonic endoderm (ExEn). VE, visceral endoderm; PrE, primitive endoderm; exVE, extraembryonic visceral endoderm; emVE, embryonic
visceral endoderm; AVE, anterior visceral endoderm; ICM, inner cell mass, PE, parietal endoderm; Def Endo, deﬁnitive endoderm. AFP is ﬁrst expressed in the emVE, and later it is
expressed in the exVE. This is indicated as: emVE –> exVE.
Affy ID Gene name/Symbol Control BMP FC ExEn region Reference
Visceral Endoderm
1432466_a_at Apoe 166 3283 19.8 VE Basheeruddin et al., 1987
1438840_x_at Apoa1 39 169 4.3 VE Meehan et al., 1984
1419232_a_at Apoa1 30 101 3.4 VE Meehan et al.
1455201_x_at Apoa1 45 131 2.9 VE Meehan et al.
1419233_x_at Apoa1 60 158 2.6 VE Meehan et al.
1448152_at Igf2 147 1347 9.2 VE DeChiara et al., 1991
1455913_x_at Ttr, transthyretin 290 1935 6.7 VE Mesnard et al., 2006
1454608_x_at Ttr, transthyretin 675 4380 6.5 VE Mesnard et al.
1459737_s_at Ttr, transthyretin 638 3874 6.1 VE Mesnard et al.
1451580_a_at Ttr, transthyretin 509 2548 5.0 VE Mesnard et al.
1417920_at Amn 38 108 2.8 VE Kalantry et al., 2001
1417845_at Cldn6 673 1751 2.6 VE Anderson et al., 2008
1423805_at Dab2 766 1337 1.7 VE Yang et al., 2002
1419430_at Cyp26a1 4371 7021 1.6 VE Fujii et al., 1997
1420647_a_at Krt8 (EndoA) 6638 10469 1.6 VE Hashido et al., 1991
1423691_x_at Krt8 (EndoA) 4609 7052 1.5 VE Hashido et al.
1435989_x_at Krt8 (EndoA) 4691 6944 1.5 VE Hashido et al.
1448169_at Krt18 (EndoB) 5861 10631 1.8 VE Oshima, 1981
1417156_at Krt19 (EndoC) 1882 3067 1.6 VE Ichinose et al., 1989
1422833_at Foxa2 1666 2087 1.3 AVE, VE, Norris et al., 2002
1420909_at Vegfa 909 1118 1.2 PrE, VE Miquerol et al., 1999
1451959_a_at Vegfa 536 589 1.1 PrE, VE Miquerol et al., 1999
1421224_a_at Hnf1b/Tcf2 213 215 1.0 VE Barbacci et al., 1999
1451687_a_at Hnf1b/Tcf2 557 549 1.0 VE Barbacci et al., 1999
1448460_at Acvr1 1755 1408 −1.2 VE Gu et al., 1999
1416786_at Acvr1 627 479 −1.3 VE Gu et al., 1999
1418863_at Gata4 3296 3432 1.0 PrE, VE Morrisey et al., 1998
1418864_at Gata4 1464 1512 1.0 PrE, VE Morrisey et al., 1998
1425464_at Gata6 3174 1800 −1.8 ICM, PrE, VE, PE Chazaud et al., 2006
1425463_at Gata6 2221 1205 −1.8 ICM, PrE, VE, PE Chazaud et al.
1443081_at Gata6 501 285 −1.8 ICM, PrE, VE, PE Chazaud et al.
Extraembryonic Visceral Endoderm
1416645_a_at AFP, α-fetoprotein 20 1088 55.5 emVE –>exVE Dziadek and Adamson, 1978
1436879_x_at AFP, α-fetoprotein 12 295 24.8 emVE –>exVE Dziadek and Adamson
1416646_at AFP, α-fetoprotein 41 508 12.4 emVE –>exVE Dziadek and Adamson
1427000_at Hnf4a 44 135 3.1 PrE, exVE Mesnard et al., 2006
1421983_s_at Hnf4a 87 208 2.4 PrE, exVE Mesnard et al.
1427001_s_at Hnf4a 323 718 2.2 PrE, exVE Mesnard et al.
1450447_at Hnf4a 111 154 1.4 PrE, exVE Mesnard et al.
1449031_at Cited1/Msg1 3650 9039 2.5 exVE Dunwoodie et al., 1998
1423429_at Rhox5/Pem 267 650 2.4 exVE Chazaud et al., 2006
1450704_at Ihh 94 208 2.2 exVE Maye et al., 2000
1418518_at Furin 230 253 1.1 exVE Mesnard et al., 2006
1429177_x_at Sox17 7536 8296 1.1 ICM, PrE, exVE Artus et al., 2011
1421657_a_at Sox17 4483 4851 1.1 ICM, PrE, exVE Artus et al.
1416564_at Sox7 3072 1431 −2.1 PrE, exVE, PE Artus et al.
Embryonic Visceral Endoderm
1423635_at Bmp2 1044 943 −1.1 emVE Mesnard et al., 2006
1422212_at Foxh1 160 144 −1.1 emVE Takaoka et al., 2006
1437779_at Foxh1 13 15 1.1 emVE Takaoka et al.
1422213_s_at Foxh1 24 24 1.0 emVE Takaoka et al.
1426186_a_at Fgf5 32 26 −1.2 emVE Mesnard et al., 2006
1438883_at Fgf5 11 11 −1.1 emVE Mesnard et al.
1451882_a_at Fgf8 14 14 1.0 emVE Mesnard et al.
1425926_a_at Otx2 11 12 1.1 emVE Acampora et al., 1995
1422057_at Nodal 32 33 1.0 emVE Mesnard et al., 2006
1422058_at Nodal 47 46 1.0 emVE Mesnard et al., 2006
Anterior Visceral Endoderm
1423319_at Hex 132 202 1.5 PrE, AVE Thomas et al., 1998
1417638_at Lefty1 34 33 1.0 PrE, AVE Takaoka et al., 2006
1450428_at Lhx1/Lim1 13 14 1.1 emVE, AVE Mesnard et al., 2006
1421951_at Lhx1/Lim1 30 30 1.0 emVE, AVE Mesnard et al., 2006
1420360_at Dkk1 601 269 −2.2 AVE Kimura-Yoshida et al., 2005
1458232_at Dkk1 53 24 −2.2 AVE Kimura-Yoshida et al., 2005
1420604_at Hesx1 52 55 1.1 AVE Thomas and Beddington, 1996
1423348_at Fzd8 63 51 −1.2 AVE Lu et al., 2004
(continued on next page)
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Table 1 (continued)
Affy ID Gene name/Symbol Control BMP FC ExEn region Reference
Anterior Visceral Endoderm
1445815_at Fzd8 12 11 −1.1 AVE Lu et al., 2004
1450256_at Cer1 12 11 −1.1 AVE Biben et al., 1998
1421412_at Gsc 14 12 −1.2 AVE Norris et al., 2002
Parietal Endoderm
1448529_at Thbd, thrombomodulin 4082 1613 −2.5 PE Healy et al., 1995
1422723_at Stra6 1371 848 −1.6 PrE, PE Bouillet et al., 1997
1421917_at Pdgfra 4678 4937 1.1 PrE, PE Plusa et al., 2008
1421916_at Pdgfra 1427 1452 1.0 PrE, PE Plusa et al.
1438946_at Pdgfra 934 832 −1.1 PrE, PE Plusa et al.
1421365_at Fst, follistatin 6343 5930 −1.1 PE Feijen et al., 1994
1434458_at Fst, follistatin 4893 3631 −1.3 PE Feijen et al., 1994
1448392_at Sparc 18565 16900 −1.1 PE Mason et al., 1986
1416589_at Sparc 23499 20204 −1.2 PE Mason et al.
1458204_at Sparc 220 268 1.2 PE Mason et al.
1415806_at Plat/tPA 3939 3046 −1.3 PE Strickland et al., 1976
1458553_at Plat/tPA 78 59 −1.3 PE Strickland et al., 1976
1417092_at Pth1r 3910 3906 1.0 PE Verheijen et al., 1999a
Parietal Endoderm ECM
1426231_at Vit, vitrin 276 156 −1.8 PE Oner et al., 2006
1416808_at Nid1, nidogen 1 7897 5184 −1.5 PE Oner et al., 2006
1418153_at Lama1 23798 19282 −1.2 PE Hogan et al., 1980
1424114_s_at Lamb1-1 18282 16311 −1.1 PE Miner et al., 2004
1424113_at Lamb1-1 11799 9958 −1.2 PE Miner et al.
1451241_at Lamb1-1 15074 12064 −1.2 PE Miner et al.
1446180_at Lamb1-1 481 277 −1.7 PE Miner et al.
1423885_at Lamc1 15466 12341 −1.3 PE Smyth et al., 1999
1423886_at Lamc1 3940 2602 −1.5 PE Smyth et al., 1999
1418213_at Krt23 617 460 −1.3 PE Oner et al., 2006
Epithelial-Mesenchymal
1448261_at Cdh1, E-cadherin 90 963 10.7 VE/Epithelia Kadokawa et al., 1989
1416579_a_at Epcam 456 1085 2.4 VE/Epithelia Sherwood et al., 2007
1447899_x_at Epcam 202 241 1.2 VE/Epithelia Sherwood et al., 2007
1418926_at Zeb1 356 148 −2.4 Mesenchyme Funahashi et al., 1993
1448742_at Snai1 968 696 −1.4 PE/Mesenchyme Veltmaat et al., 2000
1450641_at Vim, vimentin 6370 4021 −1.6 PE/Mesenchyme Lehtonen et al., 1983
1456292_a_at Vim, vimentin 3648 2460 −1.5 PE/Mesenchyme Lehtonen et al.
1438118_x_at Vim, vimentin 5780 4342 −1.3 PE/Mesenchyme Lehtonen et al.
Deﬁnitive Endoderm
1450475_at Dlx3 36 36 1.0 Def Endo Sherwood et al., 2007
1422037_at Dlx3 68 65 1.0 Def Endo Sherwood et al.
1449863_a_at Dlx5 29 29 1.0 Def Endo Sherwood et al.
1418357_at Foxg1 12 10 −1.2 Def Endo Sherwood et al.
1448886_at Gata3 30 26 −1.1 Def Endo Sherwood et al.
1435577_at Dab1/Idb4 22 20 −1.1 Def Endo Sherwood et al.
1427308_at Dab1/Idb4 35 29 −1.2 Def Endo Sherwood et al.
1421246_at Pax9 17 15 −1.2 Def Endo Sherwood et al.
1421247_at Pax9 79 78 1.0 Def Endo Sherwood et al.
1442342_at Sp6 78 88 1.1 Def Endo Sherwood et al.
1427787_at Sp6 48 51 1.1 Def Endo Sherwood et al.
1427786_at Sp6 39 40 1.0 Def Endo Sherwood et al.
1452027_a_at Trp63 18 18 1.0 Def Endo Sherwood et al.
1451876_a_at Trp63 36 36 1.0 Def Endo Sherwood et al.
1418158_at Trp63 14 13 −1.1 Def Endo Sherwood et al.
1459581_at Trp63 24 19 −1.3 Def Endo Sherwood et al.
96 A. Paca et al. / Developmental Biology 361 (2012) 90–1021998; Maye et al., 2000). Furin and Sox17 were relatively unchanged,
while Sox7was down-regulated likely reﬂecting its high expression in
the PE (Artus et al., 2011). All markers of emVE, except Bmp2, exhib-
ited very low expression, which may represent background levels.
Most AVE markers also had very low expression, except for Dkk1
and Hex. Dkk1 was down-regulated by BMP, and unexpectedly Hex
was up-regulated. PE markers were highly expressed in XEN cells,
and many showed a modest, but insigniﬁcant, decrease upon BMP
treatment with only Thbd and Stra6 showing greater than 1.5-fold
reduction. PE-associated ECM components, such as Vitrin, Nidogen 1,
and Laminin 1 chains were also signiﬁcantly down-regulated. In
agreement with the immunostaining data, a signiﬁcant increase
in the EMT-associated gene E-cadherin was observed, with aconcomitant decrease in Snail1, Zeb1 and Vimentin. Recently deﬁned
markers speciﬁc to the deﬁnitive endoderm, including Foxg1, Gata3,
and Pax9 (Sherwood et al., 2007), were all undetectable in control
and BMP-treated XEN cells (Table 1).
We next investigated the effects of serum on the differentiation of
XEN cells. We found that BMP treatment in the serum-free medium,
N2B27, was more effective at promoting visceral endoderm differen-
tiation when compared to GMEM+10% FBS. Whereas epithelial
sheets of XEN cells were detectable following 3 days of culture in
serum+BMP4 conditions, we observed extensive epithetial sheets
of XEN cells by day 2 in N2B27+BMP4 conditions (data not
shown). By day 4 E-cadherin was highly expressed in XEN cells cul-
tured in either 10 ng/ml or 50 ng/ml BMP4 (Fig. 4A–C). Only the
Fig. 4. BMP4 promotes extraembryonic visceral endoderm differentiation of XEN cells. (A–C) Immunostaining of E-cadherin in XEN cells cultured on laminin in N2B27 only (A) or
N2B27 supplemented with BMP4 (B, C); Scale bar: 200 μm. (D) qRT-PCR analysis of Afp and Hex expression in XEN cells cultured in N2B27 with or without BMP4 on laminin for
4 days. (E) qRT-PCR analysis of XEN cells on laminin in N2B27 in the absence or presence of BMP4 (50 ng/ml) and of XEN cells cultured in standard conditions (GMEM+10%
FCS) on gelatin or laminin (day 4). (F) qRT-PCR analysis of XEN cells after 4 days on laminin in N2B27 in the absence or presence of BMP4 (50 ng/ml).
97A. Paca et al. / Developmental Biology 361 (2012) 90–102high BMP4 concentration promoted up-regulation of E-cadherin in
nearly all XEN cells, whereas 10 ng/ml of BMP4 resulted in fewer
XEN cells up-regulating E-cadherin (Fig. 4B, C). This dosage effect
was also observed with the level of Afp, where increasing BMP4 con-
centrations resulted in higher induction (Fig. 4D). The unexpected
Hex induction observed in the microarray studies was conﬁrmed by
qRT-PCR and was also dose-dependent (Fig. 4D).
We further investigated the changes in other extraembryonic en-
doderm markers by qRT-PCR. Gata4 levels remained relatively stable
in different media and on different substrates, and did not change in
response to BMP4 treatment (Fig. 4E). Gata6 increased when serum
was removed, but did not change in response to BMP4, in disagree-
ment with the microarray data (Fig. 4E). Afp increased on laminin,
but was down-regulated in serum-free conditions. However, BMP4
treatment in serum-free conditions induced the most signiﬁcant in-
crease of Afp expression (Fig. 4E). Ihh, a marker of exVE and of yolk
sac endoderm (Byrd et al., 2002), increased in serum-free conditions,
but did not respond signiﬁcantly to BMP4 signaling. Snail, a PE mark-
er, was down-regulated on laminin, but a further down-regulation
was not observed in BMP4-treated cells (Fig. 4E). Hex followed a sim-
ilar pattern to Afp, being most up-regulated in BMP4 treated cells in
serum-free conditions, in agreement with the microarray data(Table 1). We do not believe this to indicate an increase in AVE char-
acter, since a different AVE marker, Dkk1, was strongly down-
regulated in response to BMP4 (Fig. 4F and Table 1). Hnf4a, an exVE
marker expressed in a similar manner to Afp in vivo (Mesnard et al.,
2006), was also induced by BMP4 (Fig. 4F). Markers of emVE, Fgf5
and Fgf8, were weakly expressed in XEN cells, but were down-
regulated in response to BMP4 (Fig. 4F). Taken together the microar-
ray and qRT-PCR data strongly suggest that the epithelial VE formed
by XEN cells in response to BMP signaling most resembles exVE,
with little evidence of emVE or AVE character.
Inhibition of Erk1/2 and Smad1/5/8 pathways enhances the parietal
endoderm character of XEN cells
Since laminin is known to activate Mek-Erk1/2 signaling via integ-
rins (Manohar et al., 2004), we examined the effect of inhibition of
this pathway on XEN cell differentiation. We also investigated the
role of Smad1/5/8 pathways, the major transducers of BMP signaling.
First, we conﬁrmed the speciﬁcity of Dorsomorphin (DM)—a BMP re-
ceptor inhibitor (Yu et al., 2008), and PD0325901 (PD03)—a Mek in-
hibitor (Thompson and Lyons, 2005), by measuring immediate-early
gene induction. DM completely blocked BMP-mediated Id3 induction,
Fig. 5. Inhibition of Erk1/2 or Smad1/5/8 pathways prevents visceral endoderm differentiation of XEN cells. (A) qRT-PCR analysis of immediate-early gene response to BMP4 or serum in
the presence of inhibitors in XEN cells. (B–D) Immunostaining of E-cadherin in XEN cells cultured on laminin (GMEM+10% FBS) in the presence of DMSO (B), Dorsomorphin (DM) (C) or
PD0325901 (PD03) (D); Scale bar: 200 μm. (E) qRT-PCR analysis of XEN cells cultured on laminin in GMEM+10%FBS in the presence or absence of inhibitors for 4 days.
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could not detect an induction of Egr1 in XEN cells treated with
FGF2, suggesting that the Mek-Erk1/2 activity in XEN cells is not
FGF-dependent (data not shown). XEN cells grown on laminin be-
came epithelial and expressed E-cadherin, whilst cells grown in the
presence of either DM or PD03 remained mesenchymal (Fig. 5B–D).
Moreover, expression of VEmarkers—Afp,Hnf4α, and Ihh—was strongly
down-regulated in the presence of either DM or PD03 or both. Con-
versely, the expression of PE markers—Snail and Thbd—was up-
regulated upon inhibitor treatment (Fig. 5E) (Healy et al., 1995;
Veltmaat et al., 2000). The relatively low expression of Hex was fur-
ther down-regulated by Erk1/2 or Smad1/5/8 inhibition, Gata4 was
slightly up-regulated in the presence of inhibitors, and Gata6 was
most up-regulated in the presence of the BMPR inhibitor, DM
(Fig. 5E). The latter observation agreed with the microarray data,
which showed a down-regulation of Gata6 upon BMP stimulation
(Table 1). Both Erk1/2 and Smad1/5/8 pathways are essential for
epithelialisation of XEN cells and promoting an exVE phenotype.Fig. 6. BMP4 induces E-cadherin expression in parietal endoderm cells. (A–B) Primitive endo
(C) Reichert's membrane (RM) dissected from an E7.5 embryo. ExE; extraembryonic ectode
visceral (E) and parietal (F) endoderm cells cultured on irradiated MEFs for 5 days; Scale b
cultured in MEF-CM for 5 days and then for an additional 5 days in either MEF-CM (G), N
(J); Scale bar: 200 μm.BMP signaling induces visceral endoderm differentiation of parietal
endoderm
Finally, to determine if we could reprogram PE to a VE state, we
applied the culture conditions that promoted VE differentiation of
XEN cells to freshly isolated PE from post-implantation embryos.
First, we examined the expression pattern of E-cadherin and PDGFRα
in different types of extraembryonic endoderm explants. Diapause
embryos were subjected to immunosurgery and cultured overnight
and then the primitive endoderm was removed with ﬁne glass pulled
pipettes (Fig. 6A–B). Visceral endoderm was obtained from E6.5 em-
bryos by enzymatically treating dissected epiblast tissue. To obtain
parietal endoderm cells and to ensure that no visceral endoderm
cells were carried over, a cut was made at the embryonic and extra-
embryonic boundary. After this Reichert's membrane was removed
for treatment with Accutase (Fig. 6C). E-cadherin was expressed in
primitive endoderm (Fig. 6D and Fig. S3A) and in visceral endoderm
(Fig. 6E and Fig. S3B) explants. As expected, a proportion of primitivederm (PrE) (B) dissected from a diapause embryo (A); Scale bar: 20 μm (A), 10 μm (B).
rm, Scale bar: 400 μm. (D–F) Immunostaining of Gata4 and E-cadherin in primitive (D),
ar: 200 μm. (G–J) Immunostaining of E-cadherin and Gata4 in parietal endoderm cells
2B27 (H) or N2B27 supplemented with BMP4 (50 ng/ml) on laminin (I) and gelatin
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Table 2
BMP4 induces E-cadherin expression in parietal endoderm cells from E7.5 and E8.5
Reichert's membrane. Number of explants, where E-cadherin/Gata4 double-positive
cells were present, per total number of explants treated. *A small minority of cells
were E-cadherin/Gata4 double-positive.
70% MEF-CM N2B27 N2B27+50 ng/ml BMP4
Gelatin 0/3 1⁎/2 5/5
Laminin 1⁎/5 0/4 7/8
100 A. Paca et al. / Developmental Biology 361 (2012) 90–102and visceral endoderm cells lost E-cadherin expression as they differ-
entiated into PE. As seen in XEN cells, PDGFRα expression was lower
in E-cadherin-positive cells suggesting it is marking parietal endo-
derm cells, and not primitive or visceral endoderm (Fig. S3A–B).
When we examined cultured PE obtained from Reichert's membrane,
we did not observe any E-cadherin-positive cells, and most cells were
positive for Gata4 and PDGFRα (Fig. 6F and Fig. S3C). However, when
we applied BMP4 to PE cells obtained from E7.5 and E8.5 embryos, we
saw signiﬁcant induction of E-cadherin in cells that were also Gata4-
positive (Fig. 6G–J and Table 2). Laminin alone very rarely produced
double-positive E-cadherin/Gata4 cells (Fig. 6G–H). However, BMP4
was able to induce E-cadherin/Gata4 double-positive VE cells inde-
pendent of the substrate used (Fig. 6I–J).
Discussion
XEN cells are derived from the primitive endoderm of mouse blas-
tocysts, but possess many characteristics of the parietal endoderm
(Kunath et al., 2005). Here we show that XEN cells retain the ability
to respond appropriately to developmentally relevant cues, such as
ECM components, and the signaling molecule BMP4. We also show
that parietal endoderm, isolated from embryos as late as E8.5, can
also respond to BMP4 and differentiate into visceral endoderm, sug-
gesting that the PE is not a terminally-differentiated cell type.
An important question to ask is what kind of visceral endoderm is
BMP inducing. The VE can be classiﬁed into a number of different sub-
types depending on the developmental stage and location in the em-
bryo. The markers for different VE subtypes are also very dynamic
making it difﬁcult to deﬁnitively identify subtypes in culture. For ex-
ample, AFP is ﬁrst expressed in the VE adjacent to the epiblast, em-
bryonic VE (emVE), but is later found in both the emVE and the VE
adjacent to the extraembryonic ectoderm, exVE (Dziadek andAdamson,
1978; Viotti et al., 2011). Also, PDGFRα is strongly expressed in parietal
endoderm, but is also expressed in emerging primitive endoderm
(Plusa et al., 2008). Hex is another example of a gene with dynamic ex-
pression in the extraembryonic endoderm. It is ﬁrst expressed in na-
scent primitive endoderm, then down-regulated in parietal endoderm
and early VE, and then re-expressed in the distal and anterior visceral
endoderm at E5.5 (Mesnard et al., 2006). Given the dynamic expression
of VE genes and that some genes are expressed inmultiple VE cell types,
when the data are analysed as a whole it indicates that exVE differenti-
ation is occurring in response to BMP stimulation. This is supported by
the up-regulation of exVE markers Hnf4α and Ihh and down-
regulation or lack of expression of the emVE/AVE markers Dkk1, Fgf5,
and Fgf8. The consistent up-regulation of Hex in response to BMP4
does not agree with embryological data that shows Hex is repressed
by BMP signals from the ExE (Rodriguez et al., 2005). However, the ex-
pression may be indicative of the early wave of Hex expression in the
primitive endoderm at E4.5, and not representative of Hex in the distal
or anterior VE. In fact, BMP4 is expressed in the ICMat E3.5 (Coucouvanis
and Martin, 1999), which suggests it could be inducing Hex at this early
stage. Furthermore, Hex has several characterised BMP-responsive ele-
ments and Smads have been shown to directly bind its promoter
(Zhang et al., 2002).
The major site of BMP4 production in the early gastrulating em-
bryo is the ExE and from this tissue BMP signals to the epiblast toinduce primordial germ cells (Lawson et al., 1999). BMP4 has also
been shown to signal directly to the VE (de Sousa Lopes et al.,
2004). Here we propose that this signaling promotes some of the phe-
notypic differences that exist between exVE and emVE. BMP2 is
expressed in the VE (Coucouvanis and Martin, 1999; Mesnard et al.,
2006), and may also be signaling in an autocrine manner to inﬂuence
VE differentiation. Several lines of evidence support this. First, the
pattern of activated BMP effectors, phospho-Smad1/5/8, in the early
embryo suggest that the emVE at E5.5 and the exVE at E6.5 are active-
ly receiving BMP signals (Di-Gregorio et al., 2007). Second, the ability
of BMP4 to inﬂuence the differentiation of extraembryonic endoderm
cells has also been observed in embryoid bodies (EBs) made from S2
embryonal carcinoma (EC) cells. S2 EC cells do not normally generate
visceral endoderm in EBs, but instead make parietal endoderm. How-
ever, when S2 EBs are formed in the presence of BMP4, a suppression
of parietal endoderm formation was observed, with VE being formed
instead (Coucouvanis andMartin, 1999). Up-regulation of VEmarkers
Hnf4α, Ttr, and Afp were observed, which is a similar response to that
of XEN cells to BMP signaling. Together these data clearly point to a
role for BMP signaling in driving VE differentiation towards an exVE
fate.
The early embryo produces a diverse range of basement membranes
that depend on the cell types that are juxtaposed to each other. The base-
mentmembrane has been implicated inmaintenance of a VE phenotype,
since its removal from the surface of the epiblast or ExE quickly results in
differentiation into parietal endoderm (Gardner, 1982). The basement
membrane between VE and epiblast is rich in laminin α1, β1, and γ1
chains, but not other laminins (Gersdorff et al., 2005), while the base-
ment membrane situated between parietal endoderm and trophoblast
giant cells, Reichert's membrane, contains a wider range of laminins
(Gersdorff et al., 2005; Hogan et al., 1980). Both types of basement
membranes contain nidogens, collagen IV, and perlecan. Fibronectin in
Reichert's membrane is produced by the trophoblast, but is less abun-
dant than other ECM components (Semoff et al., 1982). XEN cells cul-
tured on laminin (puriﬁed from Engelbreth–Holm–Swarm murine
sarcoma), but not ﬁbronectin, formed epithelial structures and up-
regulated markers of visceral endoderm. This is supported by work
reporting that laminin inhibits the differentiation of parietal endoderm
from primitive endoderm in ICM explants (Behrendtsen et al., 1995). In
this study ﬁbronectin did not inhibit PE formation. It has also been
reported that laminin, but not ﬁbronectin, can induce terminal differen-
tiation of ES cells into visceral endoderm (Takito andAl-Awqati, 2004). In
vivo, laminin is also essential for proper differentiation of the VE and the
PE, as a homozygous null mutation of LAMC1, encoding for laminin γ1
chain, leads to embryonic lethality due to failure of the parietal yolk sac
(Smyth et al., 1999). Therefore, these studies support our ﬁndings that
laminin synergises with BMP signals to promote exVE differentiation.
Cells bind to ECM components, such as laminin, via integrins. The
predominant integrin expressed in visceral endoderm is α5β1 integ-
rin and interaction with laminin was found to activate Erk1/2 signal-
ing in the VE (Liu et al., 2009). Microarray data from XEN cells
showed that α5, α6, and β1 are the major integrin receptors
expressed (Kunath et al., 2005). Integrin-mediated Erk1/2 activation
may promote VE character of XEN cells, as treatment with the Mek in-
hibitor, PD0325901, inhibited the ability of laminin to promote epi-
thelial character of XEN cells. Signaling through PDGFRα may also
be important for Erk1/2 activation, but FGF signaling does not seem
to be involved, as treatment of XEN cells with the FGF receptor inhib-
itors, PD173074 or SU5403, did not affect cell morphology or alter ex-
pression of extraembryonic endoderm genes (Spruce et al., 2010).
The default state of extraembryonic endoderm has been described
to be PE (Gardner, 1982). Although it is known that VE cells produce
PE descendants in vivo (Hogan and Tilly, 1981), it is not known if PE
cells produce VE. Our work has shown that the PE maintains the po-
tential to form VE and this it is not a terminally-differentiated or uni-
potent cell type. Whether some PE cells give rise to VE in vivo is still to
101A. Paca et al. / Developmental Biology 361 (2012) 90–102be determined, however, our work shows that a lineage restriction
does not exist to prevent this. We suggest that most subtypes of the
extraembryonic endoderm lineage may be interconvertible and only
acquire an identity in response to environmental cues.
The ability to differentiate visceral endoderm subtypes from XEN
cells opens up new opportunities for investigating the extraembryon-
ic endoderm lineage. Combinatorial application of the key signals pre-
sent between blastocyst formation and gastrulation, such as activin/
nodal, FGF, WNT, and BMP signalling (Arnold and Robertson, 2009),
will likely provide improved protocols for directing XEN cell differen-
tiation. Recent work has shown that non-canonical Cripto signaling is
capable of promoting emVE and AVE fates from XEN cells (Kruithof-
de Julio et al., 2011). Here we show that BMP2/4 signalling in combi-
nation with a laminin substrate can quantitatively convert XEN cells
to extraembryonic visceral endoderm. We envisage that manipula-
tion of other pathways and application of different matrices will pro-
vide the means to generate the full repertoire of subtypes of visceral
endoderm, and will facilitate genetic dissection of this lineage.Acknowledgments
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